I. INTRODUCTION
Since the discovery that exposure of Ge to a hydrogen plasma alters the electronic properties of the surface,l it has been known that semiconductors more generally can be modified by exposure to atomic hydrogen. The study of semiconductors exposed to hydrogen plasmas received renewed interest when hydrogenation of amorphous and crystalline Si was found to result in improvement in the photoluminescence properties, 2 passivation of grain boundaries, 3 and reduction of carrier concentration. 4 More recently the exposure of compound semiconductors to hydrogen plasmas has received extensive study. In the A1xGal _ xAs system hydrogenation has been found to improve photoluminescence effidency5 and to provide some passivation of donors 6 and acceptors 7 to the depth hydrogen diffuses during the hydrogenation process. The fact that this effect is maskabJe has been utilized to fabricate single-stripe and high-power multistripe lasers in the AlxGal_ xAs-GaAs8,9 and AlyGal _ yAs-GaAsInxGa] _ xASlO systems.
An important IU-V system for the construction of visible-spectrum lasers and light-emitting diodes is the quaternary Iny(AI~Gal __ x) 1 _ ypY-13 This system, a modification of the high-gap temary InyGaj yP,14 has received renewed interest because of the advent of advanced growth techniques such as metalorganic chemical vapor deposition (MOCVD)!5 and gas-source molecular-beam epitaxy (GSMBE).16 Room-temperature continuous-wave (cw) diode lasers at wavelengths as short as 6395 A [17] [18] [19] and photopumped lasers at wavelengths as short as 6250 A 20 ,2! have been produced in this system. Improvements in material quality and device structure should result in shorter wavelengths and better device performance. Examination of hydrogenation in this system is thus of some interest, because the improved current confinement and lower thermal impedance S ,9 of hydrogenated stripe-geometry lasers have the potential to yield devices with improved performance characteristics. 22 In this paper hydrogenation of In} _ xGaxP grown lattice matched to GaAs (y ~ 0.5) is examined via lowtemperature photoluminescence, electrochemical carrier concentration profiling, and scanning electron microscopy. Hydrogen plasma exposure is found to increase the photoluminescence efficiency and to passivate dopants and impurities to the depth of the hydrogen diffusion. In} xGaxP crystals that are doped p type are found to be compensated to a greater extent than crystals that are doped n type.
II. EXPERIMENTAL PROCEDURE
The In! ... xGaxP crystals employed in these experiments are grown by gas-source MBE on (100) GaAs substrates. Gases for the Column V constituents (AsH3 and PH 3 ) are handled using an Emcore GS3000 system. The Column III constituents In and Ga, as wen as the p-and n-type dopants Be and Si, are provided by standard MBE effusion cells. Substrates are prepared for crystal growth by degrcasing in trichloroethylene, followed by acetone, methanol, and deionized water rinses. Final sample preparation with HCI, H 2 S0 4 , and deionized water leaves the surface with a thin native oxide as a protective layer. The samples are grown at 500°C with a growth rate of ~ 1.6 ftm/h.
Hydrogenation of the crystals takes place in a paraHelplate reactor (Texas Instruments Model A-24-D) originally designed for plasma-enhanced chemical vapor deposition (PECVD).CJ An rf generator operating at 13.6 MHz applies power to the top electrode. The lower electrode supports the sample and serves as ground. This electrode is equipped with a heater capable of operating to 400°C. For this work sam pies are hydrogenated at temperatures ranging from 150 to 300°C, pressures ranging from 375 to 1500 mT, and rf power densities ranging from 0.125 to 0.375 W /cm 2 • In order to minimize diffusion of the hydrogen within the crystal following hydrogenation, samples are thermally quenched to room temperature by removal from the process chamber within ~ 45 s of extinguishing the plasma.
The effect of hydrogenation on the carrier recombination is determined by comparing low-temperature (1.7 K) photoluminescence measurements on hydrogenated and as-grown crystals. These measurements employ an Ar + laser operating at 5145 A. The sample luminescence is analyzed via a 1.0-m double grating spectrometer equipped with a thermoelectrically cooled GaAs photomultiplier and photon counting. The effectiveness of hydrogenation in passivating p-type (Be) and 'Hype (SO dopants is studied using a Polaron PN 4200 electrochemical carrier concentration profiler. The unit is calibrated using p-type and n-type Inl xGaxP layers that have been previously characterized using scanning electron microscopy to measure layer thi.ckness and Hall-effect measurements to determine exact carrier concentration. Frequent reexamination of these standard samples improves the calibration and thus accuracy of the measurements. The electrolyte used in the profiling of the Inl _ xGaxP samples is "Pear Etch," which is 36 HCl:24 HNO,: 1000 methanol. 23 This etch has been found to give excellent results when applied to Inl _ xGaxP. Ohmic contacts are made prior to hydrogenation by alloying (400 DC, lOs) thick In pads to two adjacent corners of the crystal surface. The thickness of the In is sufficient to mask the hydrogenation.
Finally, deterioration of the crystal surface because of the hydrogen plasma is examined via scanning electron microscopy.
iii. EXPERIMENTAl.. RESULTS AND ANALYSIS
A convenient method of assessing the effect of processing operations on the properties of a crystal is examination of the PL spectra of the crystal before and after the processing. Additional information is obtained by cooling the sample, thus sharpening the observed transitions. In Fig. 1 the low-temperature (l.7 K) PL spectra of (a) as-grown and (b) hydrogenated Be-doped Ino.sGao.5P epitaxial layers are presented. The power density of the excitation source is 0.360 W /cm 2 . The samples are hydrogenated at a temperature of 250°C, a pressure of 750 mT, a power density of 0.25 W/cm 2 , and a time of 15 min. The time is chosen such that the majority of the 11lo.sGao.sp layer becomes hydrogen diffused.
The data of Fig. 1 exhibit several interesting features. The first is that the intensity of the PL spectrum for the hydrogenated sample is ~ 10 3 times higher than that of the as-grown sample. Second, the main carrier recombinati.on peak occurs at lower energy for the hydrogenated sample (1.919 eV) than for the as-grown crystal (1.960 e V). A reasonable explanation for the increase in PL efficiency is that deep levels, nonradiative recombination centers, dislocations, and other defects are passivated by the hydrogenation. Several explanations can account for the wavelength shift of the recombination peak. These depend upon whether the change is a shift in the spectrum or a change in the intensity of one peak (or peaks) relative to others. If the change is a simple shift, crystal strain relief could be at issue. This is plausible inasmuch as the epitaxial crystal layer is slightly mismatched relative to the GaAs substrate, For example, measurements on near-perfectly lattice-matched Inl xGaxP epitaxial layers grown on GaAs substrates reveal a sharp primary peak (FWHM ;:::;; 7-8 meV) at an energy of 1.926-1.943 eVat 1.7 K (data not shown).
If the change in the spectral peak is actually a change in the recombination efficiency of one peak relative to another, the analysis becomes more speculative. If it is assumed that the primary peak in the as-grown sample is a band-to-band transition, then the location of the peak in the hydrogenated sample could correspond to an acceptor [Be(e-A())] or acceptor-hydrogen complex transition to the conduction band. If we assume that the primary peak of (a) is the Be(e-Ao) transition, the primary peak of (b) could be an acceptor-donor transition. The shift could also be due to spatial variation in the Inl _.xGaxP band gap or microstructure. Additional analysis is required to determine the exact origin of these peaks.
The determination of carrier concentration as a function of depth is made via electrochemical carrier concentration profiling. In Fig. 2 the dependence of carrier passivation in Be-doped In 1-xGaxP on the hydrogenation time is presented. Temperature, pressure, and rf power are maintained at 250°C, 750 mT, and 0.25 W /cm 2 , respectively. Curve (a) shows the as-grown crystal carrier concentration profile, and curves (b)-(e) show the carrier concentration profiles at times ranging from 2.5 to 15.0 min. These data reveal several features. First, the hydrogenation is observed to reduce the carrier concentration by ~ 2 orders of magnitUde near the surface, and by a significant amount (~ 1 order of magnitude) almost all the way to the maximum depth of hydrogen penetration. Furthermore, the degree to which carriers are reduced in concentration near the surface is observed to be dependent on the hydrogenation time. For short times, carrier decrease near the surface increases with longer exposure to the plasma. At longer times the carrier reduction at the surface appears to approach a limiting value. If we assume that the decrease in carrier concentration is proportional to the hydrogen concentration in the crystal, a model for the hydrogen diffusion based on a constant surface concentration source may not be accurate. Rather, it appears that the concentration of hydrogen near the surface increases with time, eventually reaching saturation. This indicates that atomic hydrogen is incorporated into the crystal through interaction (Coulomb attraction or ch.emical reaction) 1019' . . ------, ------, . ----, . ----- with the surface atoms, especially the Column V atoms. As this reaction proceeds, the hydrogen concentration near the surface approaches an equilibrium value, and the diffusion behavior more closely resembles that of a constant surface concentration source.
Measurements of the passivation of Si-donors as a result of hydrogen plasma exposure are presented in Fig. 3_ (Fig. 2) and n-type (Fig. 3) samples reveals important similarities and differences. First, the same trend in the decrease of the surface carrier concentration as a function of time is observed. This can be explained as in the above discussion. Second, the minimum carrier concentration in hydrogenated Si-doped crystals is only ~ 1 order of magnitude ~ ::::~:
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Depth ( lower than for the as~grown crystal. Although this lesser decrease in carrier concentration may be caused by higher doping concentration in the Si-doped In} _..lGaxP layer, it is possible also that acceptor-doped crystals are more readily passivated by the hydrogenation process. This agrees with similar results obtained for both elemental and compound semiconductors.
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Finally the depth of hydrogenation is shallower and the compensation profile (carrier density) is more abrupt for the donor-doped material. This indicates that the hydrogen diffusion coefficient is concentration dependent,2S thus suggesting that the hydrogen diffusion is both depen~ dent on the Fermi level and the pa.<;sivation of charged impurities. One model of hydrogen diffusion in silicon,26,27 which might be applicable to compound semiconductors as weU,2R proposes that H acts as a deep donor. In p~type material the hydrogen is ionized and diffuses as H j-. In donor-doped material the hydrogen diffuses as HO or H -. 29 When the crystal Fermi level is close to either of the hydrogen trap levels, multiple species diffuse. The resultant profiJes are caused by HO and H -having smaller diffusion coefficients than H f-• To understand better the basis for carrier decrease by hydrogenation we examine the hydrogen diffusion as a function of temperature, rf power, and pressure. Figure 4 shows the effect of substrate temperature on hydrogen passivation in Be-doped In1. xGaxP' Pressure, time, and rf power density are maintained at 750 mT, 10 min, and 0.25 W Icm 2 , respectively. These data reveal that lowering the temperature reduces the diffusion depth (as expected) but increases the carrier passivation at the surface. This indi~ cates that at lower temperatures, the slower rate of diffusion causes an increase ("buildup") of the hydrogen concentration. The data (Fig. 4) suggest that the magnitude of acceptor compensation is dependent upon the rate at which hydrogen is introduced into the crystal, which involves surface interactions as well as the rate at which the hydrogen diffuses in the crystaL An estimate of the diffusion constant (Do) and activation energy (Ea) can be obtained 1019. -----, ------, .. -----, . ---- showing the dependence of acceptor passivation (carrier decrea.~e) on rf power density for Be-doped Inl_ .,GaxP (x ~ 0.5). The hydrogenation timc, pres~ure, and temperature are maintained at 10 min, 750 mT, and 250 ·C, respectively. Curve (a) shows the as-grown crystal carrier concentration profile, and the remaining curves show the carrier concentration profiles following hydrogenation at rf power levels of (b) 0.125, (c) 0.25, and Cd) 0.375 W /cm 2 . The hydrogenation depth is fOllnd to increase with increasing rf power density. The magnitude of carrier passivation near the surface is not affected. from these data. These are Do = 1.5 X 10" 6 cm 2 Is and Ea = 0.35 eV. It should be emphasized that these are rough estimates, obtained by making the assumption of behavior similar to a constant source diffusion. As stated previously, this model is not completely correct for H diffusion. Additional data of interest are shown in Fig. 5 . These curves illustrate the dependence of the carrier profile (concentration) on the hydrogenation rf power density. Temperature, pressure, and time are held constant at 250°C, 750 mT, and 10 min, respectively. The magnitude of acceptor passivation near the surface is found to be nearly identical for power densities in the range from 0.125 to 0.375 W /cm 2 • The hydrogenation depth is found to increase with increasing power. One reason for this is that the hydrogen plasma imparts energy to the In] _ xGaxP surface, resulting in local heating. The magnitude of the heating is sufficient to affect the diffusion depth, but not so large that the magnitude of acceptor passivation near the surface is modified. A similar effect on the carrier concentration profile in acceptor-doped material is observed for increasing chamber pressures (data not shown) _ The reduction in carrier concentration near the surface remains constant, but the hydrogenation depth increases with increasing pressure. The chamber pressure and rf power density obviously affect the rate at which H is introduced into the crystal, and at higher pressures and power densities the greater availability of hydrogen allows deeper penetration in the crystal.
An important consideration in the long-term operation of hydrogenated devices is the hydrogenation stability at typical operating temperatures. Any movement of the hydrogen at device operating temperatures can result in passivation of unintended regions, as well as the obvious reduction in passivation of the hydrogenated regions. We examine this possibility by annealing hydrogenated samples. Anneals (5 min) are performed in a rapid thermal For comparison (a) shows the behavior of an as-grown sample and Cd) a simply hydrogenated sample. As expected, annealing of the hydrogenated crystals results in H diffusion deeper into the crystal, and possibly some hydrogen out-diffusion. The overall effect of the anneal is to extend the depth of the passivated region while decreasing the overall magnitude of the passivation.
A final question is the effect of hydrogenation on the surface morphology of the In! _ xGaxP epitaxial layer. Energetic ion bombardment can result in sputtering, and H reaction with Column V atoms can result in the loss of P, e.g., by generation of PH}. If we assume that hydrogen incorporation is facilitated through a surface interaction with Column V atoms, the gradual shift to a Column HI rich surface could result in the saturation effect observed in Fig. 2 , As expected, the amount of surface damage increases with hydrogenation time, temperature, and rf power density. Figure 7 shows the damage to the crystal surface as a result of hydrogenation: (a) The left-hand side shows the as-grown surface and (b) the surface following lO-min hydrogenation at a temperature of 250°C, an rf power density of 0.25 W Icm 2 , and a pressure of 750 mT. The depth to which the damage occurs is estimated to be 400--600 A. This region is believed to be rich in In and Ga.
The most effective method of reducing the damage is to lower the hydrogenation temperature. Another is to employ a system in which the plasma is generated in a remote chamber and flows over the heated substrate. A final method is to employ a thin metallic or dielectric layer as a cap which is permeable to hydrogen but not to As or P hydrides. FIG. 7 . High-resolution scanning electron microscope photomicrograph showing thc surface damage to an In, _ xGa)' epitaxial layer resulting from hydrogenation. Curvc (a) shows the as-grown crystal surface, and curve (b) shows the surface of a crystal that has been hydrogcnated at 250·C for 10 min at a pressure of 750 mT and an rf power density of 0.25 W/crn 2 • It is believed that the surface roughening observed in (b) is due to aggregation of In and Ga when l' is lost due to sputtering and the formation of PH 3 .
IV. SUMMARY AND CONCLUSIONS
Data have been presented demonstrating that hydrogenation is effective in passivating carriers in both donordoped (Si) and acceptor-doped (Be) In'_xGaxP epitaxial layers. Low-temperature (1.7 K) PL measurements reveal a ~ 10 3 increase in luminescence intensity for the hydrogenated samples. The peak emissi.on wavelength also changes, either as a result of strain relief or by the strengthening of an unknown transition, Data comparing donor and acceptor compensation have also been presented, These data show that diffusion of hydrogen in acceptordoped Inl _ xGaxP is "faster" than the diffusion in donordoped material. Additionally, the carrier concentration following hydrogenation is found to be the lowest in acceptordoped material. The difference in H diffusion rate can be explained by assuming that hydrogen behaves as a deep donor, and diffuses as either H + or HO and H -depending upon whether the material is p-type or n_type,24,26,27 The effects of temperature, rf power density, pressure, and annealing are also examined.
Finally, the effect of hydrogenation on the surface morphology of In, _ xGaxP epitaxial layers has been examined via scanning electron microscopy, The observed surface roughening is believed to be due to the aggregation of In and Ga as P is depleted through either sputtering or the formation of small amounts of PH 3 . Overall, hydrogenation has been found to be an effective method for producing high-resistivity regions in acceptor-doped In, _ xGaxP, and proves to be useful for the construction of devices such as stripe-geometry lasers operating in the visible portion of the spectrum.
